Matrix γ-carboxyglutamate (Gla) protein (MGP) is a potent local inhibitor of cardiovascular calcification and accumulates at areas of calcification in its uncarboxylated form (ucMGP). We previously found significantly lower circulating ucMGP levels in patients with a high vascular calcification burden. Here we report on the potential of circulating ucMGP to serve as a biomarker for vascular calcification in haemodialysis (HD) patients. Circulating ucMGP levels were measured with an ELISA-based assay in 40 HD patients who underwent multi-slice computed tomography (MSCT) scanning to quantify the extent of coronary artery calcification (CAC). The mean ucMGP level in HD paKeywords Calcification, dialysis, Gla-domain proteins, matrix Gla protein, vitamin K tients (193 ± 65 nM) was significantly lower as compared to apparently healthy subjects of the same age (441 ± 97 nM; p < 0.001) and patients with rheumatoid arthritis (RA) without CAC (560 ± 140 nM; p < 0.001). Additionally, ucMGP levels correlated inversely with CAC scores (r = -0.41; p = 0.009), and this correlation persisted after adjustment for age, dialysis vintage and high-sensitivity C-reactive protein (hs-CRP). Since circulating ucMGP levels are significantly and inversely correlated with the extent of CAC in HD patients, ucMGP may become a tool for identifying HD patients with a high probability of cardiovascular calcification.
Introduction
Cardiovascular disease (CVD) in patients on haemodialysis (HD) is a clinically outstanding problem: CVD accounts for approximately 50% of deaths among the dialysis population and cardiovascular mortality is about 10-20 times higher than in the general population (1, 2) . Arterial intimal calcification is associated with atherosclerotic lesions. Arterial medial calcification is found in diabetic and dialysis patients as well as in most elderly subjects (3, 4) . Arterial medial calcification was initially thought to be clinically irrelevant, but is now considered to be associated with all-cause and cardiovascular morbidity in dialysis patients, independent of traditional atherogenic risk factors (5, 6) . Clinically, arterial calcification causes stiffening of the vascular wall, which in turn may result in decreased arterial compliance, increased afterload with development of left ventricular hypertrophy and decreased coronary perfusion with increased risk for death (5) (6) (7) .
The exact pathophysiology of arterial calcification in chronic kidney disease (CKD) is not fully understood. Numerous factors have been correlated with arterial calcification in CKD including age, dialysis vintage and calcium x phosphorus product (8) (9) (10) . Since concentrations of calcium and phosphate in extracellular fluid exceed their solubility product under physiological conditions, powerful calcification inhibitors are required to prevent spontaneous calcification of soft tissues throughout the body.
Matrix γ-carboxyglutamate (Gla) protein (MGP) is the most potent inhibitor of soft tissue calcification presently known. Its main sources are cartilage and the vessel wall where it is synthesized by chondrocytes and vascular smooth muscle cells (VSMCs), respectively (11) (12) (13) . MGP contains nine glutamate (Glu) residues, five of which can be carboxylated in a vitamin K-dependent reaction to form calcium-binding Gla residues (14) . Additionally, mature MGP contains three serine residues which may be phosphorylated. The function of these phosphoserine residues is presently unknown, but it seems highly probable that they significantly contribute to the calcium-binding properties of MGP (15) .
A poor vitamin K status caused by poor nutritional intake or the use of vitamin K antagonists (oral anticoagulants), results in the synthesis of uncarboxylated MGP (ucMGP) (14, 16) . After the development of conformation-specific assays for MGP and osteocalcin, a vitamin K-dependent protein present in bone, it has been found that in healthy subjects uncarboxylated species of these proteins are present in the circulation (16) . Additionally, ucMGP was recently purified from plasma of healthy subjects as a mature 11 kD protein (17) . This suggests that the majority of healthy adults is subclinically vitamin K-deficient, resulting in a sub-optimal activity of extra-hepatic vitamin K-dependent proteins. Indeed, it was described that women with calcified atherosclerotic lesions had lower dietary vitamin K intake than women without calcifications (18) . In a large follow-up study it was found that vitamin K2 intake was inversely associated with severe aortic calcification in asymptomatic subjects (19) . Additionally, the risk of coronary heart disease mortality was significantly reduced in the upper tertile of vitamin K2 intake. Our recently developed ucMGP competitive enzyme-linked immunosorbent assay (ELISA) provides a way to investigate the correlation between systemic ucMGP levels and vascular calcification, as described in this paper.
Impaired expression of MGP results in arterial calcification, as was demonstrated in transgenic MGP-deficient mice which developed extensive calcifications of the main arteries followed by rupture of the aorta a few weeks after birth (20) . The arterial mineralization phenotype of these mice has been rescued after restoration of MGP expression locally in arteries; however, not after systemically raising circulating levels of MGP (21) . This emphasizes the function of MGP as a local inhibitor of vascular calcification, with circulating ucMGP levels possibly reflecting the status of calcification in the vessel wall (15) .
The ucMGP assay specifically recognizes ucMGP independent of its degree of phosphorylation. Using this assay we found that the serum ucMGP levels in HD and calciphylaxis patients as well as in patients with cardiovascular disease are lower than those in a healthy reference population (17) . We have previously demonstrated the massive accumulation of ucMGP at sites of arterial calcification (22) , suggesting that -most probably through its negatively charged phosphoserine residues -MGP binds to calcified tissue independent of its Gla-residues. This local tissue accumulation may be the reason for a diminished systemic release of ucMGP into the circulation and may well explain the relatively low serum ucMGP levels in patients with pronounced vascular calcification.
A high coronary artery calcification (CAC) score as assessed with computed tomography is associated with the severity of coronary artery disease and the presence of significant, stenotic lesions (23) as well with increased mortality in HD patients (24) . To investigate whether circulating ucMGP may serve as a noninvasive biomarker for arterial calcification and -consequentlyfor cardiovascular disease in HD patients, we evaluated the relationship between serum ucMGP levels and the extent of CAC as measured with multi-slice computed tomography (MSCT) scanning.
Methods

Subjects
We invited patients undergoing HD treatment at three dialysis centers to participate in this cross-sectional study. Patients with end-stage renal disease (CKD stage V) undergoing regular HD were eligible, irrespective of age, gender, the underlying primary renal disease, the presence of CVD or traditional atherogenic risk factors. Exclusion criteria were a history of kidney transplantation, current bypass surgery, current treatment with oral anticoagulants and atrial fibrillation. Complete data and blood samples were acquired from 40 consecutive patients. Data were obtained on demographic, clinical and dialysis-specific characteristics during interview and physical examination as well as from review from patient's files. Additionally, all HD patients underwent MSCT scanning to measure the extent of CAC.
The reference population consists of two groups: 48 apparently healthy subjects aged 60 years or more, who were recruited from the general Maastricht population and 21 patients with rheumatoid arthritis (RA) from a tertiary RA referral center in Aachen, Germany. The subjects of the first reference group, 19 men and 29 women, had no overt history of cardiovascular disease and were described previously (17); MSCT scanning was not available for these subjects. The second reference group consisted of one male and 20 female RA patients in whom MSCT scanning excluded the presence of CAC and aortic valve calcification (CAC score at both anatomical sites 0). Informed consent was obtained from all participants and the study was approved by the local Medical Ethics Committees.
Biochemical measurements
Venous blood samples from the HD patients were taken at the start of HD after a long dialysis interval. Serum from all participants was prepared by standard centrifugation and stored at -80ºC until testing.
The method for ucMGP measurement was a competitive enzyme-linked immunosorbent assay (ELISA) using a monoclonal antibody (mAb-ucMGP) which was raised against the uncarboxylated human MGP Gla-domain (MGP sequence 35-49; VitaK BV, Maastricht, The Netherlands) (17, 25) . The intra-assay and inter-assay coefficients of variation (CV) were 8.9% and 11.4%, respectively. The specificity of the ucMGP assay has been demonstrated elsewhere by testing of mAb-ucMGP for its cross-reaction with synthetic peptides homologous to the uncarboxylated and carboxylated aminoacid sequences in human MGP (ucMGP [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] and cMGP [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] , respectively) and synthetic full-length MGP (either ucMGP or cMGP) (17) . These polypeptides were used in competitive inhibition experiments with the biotinylated ucMGP tracer (ucMGP [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] ). Both ucMGP [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] and full-length ucMGP were competitive inhibitors in the assay, whereas cMGP [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] and full-length cMGP were not. Additionally, immunoprecipitation was performed in plasma using the mAb-ucMGP. Identification of the immunoprecipitated product on Western blot analysis showed a single band at ~ 11 kD and Tubulo-interstitial disease analysis of the band on MALDI-TOF/TOF revealed ucMGP as protein identity in the immunoprecipitated product (17) . Calcium (Ca), phosphate (P), haemoglobin (Hb) and alkaline phosphatase (AP) were measured using standard laboratory techniques. Serum analysis for high-sensitivity C-reactive protein (hs-CRP) was performed by means of particle enhanced immunonephelometry using standard CardioPhase hsCRP for BNII (Dade Behring Holding GmbH, Liederbach, Germany), with a detection limit of 0.1 mg/l and precision of 0.1 mg/l. CRPI or CRPII assay protocols were used when appropriate. Interday precision controls revealed coefficients of variation (CVs) below 9%; testing for precision with a 20-fold repetitive measurement of a single sample showed a CV of 7% (26) . Levels of intact parathyroid hormone (iPTH) were measured with the Roche's Elecsys Intact PTH immunochemiluminescent assay (Hoffmann-La Roche, Basel, Switzerland).
Imaging procedure
All MSCT examinations of the HD patients and RA patients were performed with a 16-slice MSCT scanner (SOMATOM, Sensation 16, Siemens, Forchheim, Germany). Scan parameters included a collimation of 12 x 0.75 mm, a rotation time of 420 ms, a table feed of 3.4 mm per rotation, a tube voltage of 120 kV and an effective tube current time product of 150 mAseff. For ECG-synchronization retrospective ECG-gating was applied. Axial images were reconstructed in mid-diastole at 60% of the RR-interval with an effective slice thickness of 3 mm and a reconstruction increment of 2 mm. A dedicated convolution kernel (B35f) (27) , a field of view of 180 x 180 mm² and a matrix of 512x512 were applied. All MSCT images were assessed by two radiologists with several years of training in cardiac imaging. A consensus reading was performed with both readers being blinded to all patient data. Image analysis was performed on a separate computer workstation (Leonardo, Siemens, Forchheim, Germany) equipped with a dedicated software tool for calcium scoring (Calcium Scoring CT, Siemens, Forchheim, Germany). CAC scores were calculated according to the method originally described by Agatston (28) .
Statistical analysis
Continuous variables are presented as median and range or mean ± standard deviation (SD). The distribution of variables was evaluated with frequency histograms and normal plots. Differences between the patient population and the reference groups were analyzed by independent t-tests and Mann-Whitney tests (for normally and non-normally distributed continuous variables, respectively). The HD patient population was divided into tertiles of the CAC score which resulted in three groups with CAC scores of ≤103.0, 103.1 to 600.0 and ≥600.1. Differences in clinical and biochemical characteristics between the three HD patient groups were analyzed by Tukey post hoc testing and Kruskal-Wallis test (for normally and non-normally distributed continuous variables, respectively) and Fisher's exact test (for categorical variables).
Bivariate correlations between CAC scores, ucMGP and other variables were performed using the Pearson correlation coefficient for normally distributed data and Spearman correlation coefficient for non-normally distributed data. Multivariate regression analysis was performed to investigate whether the extent of CAC was related to serum ucMGP levels in HD patients, simultaneously adjusting for all variables in the model; the dependent variable was log-transformed CAC score. Log-transformation was applied after adding a constant of 10 which resulted in normal distribution of CAC score, necessary for multivariate regression analysis. The independent variables were ucMGP, age, dialysis vintage and hs-CRP. Significant colinearity was ruled out by calculating variance inflation factor for each independent variable. A p-value of < 0.05 was considered to be statistically significant; reported p-values are based on twotailed tests of statistical significance. All statistical analyses were conducted using SPSS version 12.0 for Windows (SPSS Corp, Chicago, IL, USA).
Results
Subject characteristics
The reference population consisted of two groups, apparently healthy subjects and RA patients in whom the presence of CAC or aortic valve calcification was excluded by MSCT. The healthy reference group was free from cardiovascular disease, hypertension and diabetes and did not use medication, as described previously (17) . The median age of these subjects (67 years, range 60-90 years) was comparable with that of the HD patient population (67 years, range 36-87 years; p = 0.519). The RA reference group consisted of 21 RA patients with a median age of 54 years (range 31-81 years), which was significantly lower than the median age of the HD patient population (p < 0.001). The median duration of the RA was 16 years (range 7-32 years). A history of cardiovascular disease was present in five RA patients (23.8%), one patient had diabetes (4.8%) and two patients (9.5%) were current and four patients (19.0%) were former smokers, respectively. Median blood pressure in the RA patients was 125/80 mm Hg.
Demographic, clinical and biochemical characteristics of the HD patient population are listed in Table 1 , with HD patients stratified according to tertiles of the CAC score. Subjects in the intermediate CAC tertile was significantly older than the subjects in the lowest CAC tertile (p= 0.039), however not as compared to the highest CAC tertile (p= 0.791). There was no significant age difference between subjects in the lowest and the highest CAC tertiles (p= 0.163). For the remaining demographic, clinical and biochemical characteristics (Table 1) , there were no significant differences between the tertiles.
Circulating ucMGP
The mean ucMGP levels of the apparently healthy subjects and RA patients without CAC were 441 ± 97 nM and 560 ± 140 nM, respectively. The mean ucMGP level of the HD patient population was 193 ± 65 nM, with levels ranging from 60 nM to 352 nM (Fig. 1) . The HD patient population had significantly lower circulating ucMGP levels in comparison with both reference groups (p < 0.001). Moreover, the serum ucMGP levels of the healthy subjects were significantly lower compared than those in RA patients (p < 0.001).
No significant correlations were observed between ucMGP levels and any demographic, clinical or biochemical character-istic in the HD patient population. There was no difference in ucMGP levels between men and women; this was also found in both reference groups. Figure 2 shows the serum ucMGP levels of HD patients stratified according to tertiles of the CAC score: ucMGP levels were significantly lower in patients in the intermediate (174 ± 46 nM) and highest CAC tertile (171 ± 66 nM) in comparison with patients in the lowest CAC tertile (237 ± 66 nM; p = 0.022 and p = 0.021, respectively).
ucMGP as a predictor for CAC in HD patients
A high prevalence of CAC was a major finding in our patient population, with 18 out of 40 patients (45%) having a CAC score of 400 or more, indicating extensive atherosclerotic plaque burden (29) . The median CAC score of the total HD patient population was 308.0 (range 0 to 2928). Serum ucMGP levels were inversely correlated with CAC scores (r = -0.41, p = 0.009); the only other factor that correlated with CAC scores was hs-CRP (r = 0.40, p = 0.011; Table 2 ). In contrast, CAC scores did not correlate with any of the other clinical and biochemical characteristics (depicted in Table 2 for the main clinical and biochemical parameters). In a multivariate regression analysis ucMGP levels retained a strong and significant association with CAC scores (β = -0.004, p = 0.02) after adjustment for age, dialysis vintage and hs-CRP levels ( Table 2 ). (n = 40) . For bivariate analysis (bivariate) the Spearman rank correlation coefficient was calculated. Circulating levels of ucMGP and hs-CRP were significantly correlated with CAC scores; CAC scores did not correlate with any of the other clinical and biochemical parameters. In multivariate regression analysis (multivariate) ucMGP levels retained a strong association with (log-transformed) CAC scores while adjusting for age, dialysis vintage and hs-CRP-levels. The overall model p-value was 0.002, the model R² was 0.377 (adjusted R² 0.306); the β regression coefficient was calculated per 1 nM ucMGP. BMI: body mass index; Ca: calcium; P: phosphate; AP: alkaline phosphatase; iPTH: intact parathyroid hormone; hs-CRP: high-sensitivity C-reactive protein; ucMGP: uncarboxylated matrix Gla protein. 
Bivariate
Discussion
The present study establishes serum levels of circulating ucMGP as a possible novel biomarker for CAC in HD patients. HD patients had significantly lower levels of ucMGP than healthy subjects of the same age and patients without CAC. Additionally, HD patients in the intermediate and highest tertiles of the CAC score had significantly decreased ucMGP levels in comparison with patients in the lowest CAC tertile. The inverse correlation between serum ucMGP and CAC scores was confirmed by multivariate regression analysis and persisted after adjustment for age, dialysis vintage, and hs-CRP -three well established predictors of CAC in HD patients (5, 6, (8) (9) (10) 30 ). We previously found significantly lower ucMGP levels in several patient populations with a high vascular calcification burden, including HD patients and calciphylaxis patients (17) . The present study underlines and extends these findings and shows that ucMGP serum measurements may not only be used for intergroup comparisons of arterial calcification, but also help estimating the individual extent of CAC in a certain patient population. It is noteworthy that the mean ± SD ucMGP level of 140 ± 55 nM previously found in patients with calciphylaxis -a condition characterized by widespread arteriolar calcificationis even lower than that of HD patients with the highest CAC scores in the present study (17) .
Defining ucMGP as a sensitive indicator for the presence of vascular calcification might also be the explanation for the surprising finding of lower circulating ucMGP levels in the apparently healthy subjects compared to the RA patients. Only in the RA reference group, the presence of CAC was truly excluded, while clinically unapparent CAC might be present in the presumably healthy subjects who were aged 60 years or more. Indeed, several studies have described median CAC scores > 100 in elderly subjects without overt signs of atherosclerosis, especially in elderly men (31) (32) (33) . We speculate that subclinical arterial disease might contribute to the lower ucMGP levels in the "healthy" reference group. At the present time it cannot be determined, whether RA itself or a consecutive treatment influences ucMGP levels in the RA reference group.
The design of the present study is cross-sectional, and therefore we cannot establish a cause-and-effect relation between low ucMGP levels and high CAC scores. However, it does allow for assessment of ucMGP as a biomarker for CAC. The number of HD patients is limited, and therefore we are limited with respect to full adjustment for all possible confounders in our multivariate analysis. Nevertheless, the present patient population is well characterized, and by including age, dialysis vintage and hs-CRP levels we could adjust at least for three of the most important potential confounders regarding CAC development in ESRD patients.
ucMGP has a high affinity to areas of calcification in the vessel wall. In rats treated with warfarin, Price et al. demonstrated that MGP accumulates at sites of calcification in its noncarboxylated form (34). Sweatt et al. reported elevated concentrations of poorly carboxylated MGP in the aortic wall of aging rats (35) . Moreover, with immunohistochemical staining based on conformation-specific antibodies recognizing ucMGP and cMGP, we demonstrated that ucMGP rather than cMGP is present at sites of arterial calcification (22) . Therefore, our working hypothesis is that the presence of Gla residues is not a requirement for the binding of MGP to sites of calcification. Indeed, thermal decarboxylation of MGP in vitro did not affect its ability to bind hydroxyapatite from serum (36) .
Phosphorylation of mature MGP results in the presence of three phosphoserine residues in the N-terminal domain. These negatively charged phosphate groups must be expected to contribute significantly to the calcium-binding capacity of MGP. We examined the role of phosphoserine residues in a cell model of calcification (37) . This model consisted of VSMCs exposed to high extracellular calcium concentrations. The synthetic MGP peptides pMGP [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and dpMGP [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] which were used in the experiments contain three serine residues that are either phosphorylated or non-phosphorylated, respectively. These peptides do not contain Gla residues. After addition of the (biotinylated) peptides to the calcifying VSMCs, staining revealed that pMGP 3-15 specifically adhered to vesicular structures derived from the (calcifying) VSMCs. These vesicles were presumably matrix vesicles, which are thought to precede calcification (38) . In contrast, dpMGP [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] did not bind to either the cell surface or the vesicles. pMGP [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] was also able to inhibit the calcification process, whereas dpMGP [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] What does this paper add? -In the present study, circulating ucMGP levels were measured in a well-characterized cohort of adult HD patients, in whom the extent of coronary artery calcification (CAC) was assessed with multislice computed tomography. -HD patients had significantly lower serum ucMGP levels than patients without CAC and healthy subjects of the same age. Moreover, ucMGP levels were significantly and inversely correlated with CAC scores in HD patients. This correlation persisted after adjustment for age, dialysis vintage and high-sensitivity C-reactive protein levels. -The present study establishes the potential of serum ucMGP levels to become a novel biomarker for CAC in HD patients.
sults indicate that MGP containing phosphoserine residues, but no Gla residues, is able to bind to (initial) sites of calcification. Since ucMGP in the vascular tissue has a strong association with areas of calcification, circulating ucMGP levels could be particularly suited to reflect this degree of this calcification. A low systemic ucMGP level in patients with a high vascular calcification burden has been a consistent finding (17, 25, 39) . The low ucMGP levels in these patients can be explained by the accumulation of ucMGP in areas of calcification, which may cause a diminished release of ucMGP into the circulation. This accumulation is most probably due to binding of MGP's negatively charged phosphoserine residues to vascular calcifications. It is therefore likely that the majority of circulating ucMGP is phosphorylated. Indeed, we have found no correlation between circulating ucMGP levels and non-phosphorylated MGP levels in dialysis patients (r = -0.144, p = 0.38; data not published). Since phosphorylation is often associated with cellular secretion, it is at least feasible that in the diseased vessel MGP phosphorylation is hampered, leading to decreased circulating levels. This could be an alternative explanation for the low circulating ucMGP levels in patients with vascular calcifications.
Recently, we developed a new sandwich MGP ELISA specifically measuring desphospho-uncarboxylated MGP (dpucMGP) (15) . Since strong calcium-binding groups such as phosphoserine or Gla residues are absent in this molecule, we expect that dp-ucMGP will be readily set free into the circulation independent of present vascular calcification. This assay would therefore be suited to assess and follow-up vascular vitamin K status (e.g. when vitamin K supplementation or vitamin K antagonists are used). Preliminary data showed that dp-ucMGP is present in the circulation of healthy subjects (15) . High dpucMGP levels were found in subjects receiving vitamin K antagonists and low levels in subjects receiving vitamin K supplementation. The data presently available strongly suggest that dpucMGP reflects vascular vitamin K status. In contrast, ucMGP levels as described in this paper seem to be relatively insensitive for vitamin K status (data not published) but are rather sensitive for the presence of arterial calcification. Full details of the dpucMGP assay will be published elsewhere.
The dialysis population exhibits a significant amount of vascular calcification that is associated with an increased risk of cardiovascular morbidity and mortality. According to the present data it can be hypothesized that measuring merely calcification promoters (e.g. serum calcium or serum phosphorus) does not give sufficient consideration to the role of calcification inhibitors in the process of vascular calcification. Based on the present data ucMGP could contribute substantially to the identification of those patients with high probability of cardiovascular calcification. Further studies need to be performed in order to clarify whether low ucMGP levels may eventually be used to identify those patients who should undergo a more thorough diagnostic cardiac work-up (e.g. non-invasive ischemia testing or coronary angiography).
In conclusion, the current study is the first analysis of circulating ucMGP levels in a well characterized population of adult HD patients and demonstrates that ucMGP is significantly and inversely correlated with CAC as assessed by MSCT.
